S pastic esophageal motility disorders are a group of diseases characterized by dysphagia, retrosternal pain, and regurgitation. 1 Among these disorders, the most common is idiopathic achalasia, which is a chronic progressive disorder of impaired relaxation of the lower esophageal sphincter and often loss of peristalsis in the lower esophageal body. 2, 3 Therapeutic regimens for idiopathic achalasia include medical and surgical methods, such as onabotulinum toxin A (Botox) injection, pneumatic balloon dilatation, and Heller myotomy. 4 Peroral endoscopic myotomy (POEM) is a minimally invasive endoscopic surgery approach that is an effective alternative to Heller myotomy. 5, 6 It is a challenging procedure that requires not only skills in endoscopy but also a thorough understanding of surgical anatomy and physiology. 7 Although several years have passed since the first series of patients undergoing POEM was reported in 2010, 8 most procedures have been confined to a few high-volume expert centers, and complications and technical failures occasionally occur with the technique, especially with operators who are still learning the technique. 4 Because of the global interest and high complexity of POEM, it is of utmost significance to evaluate the learning curve of the procedure to a Authors share co-first authorship.
facilitate development of a training program for new practitioners.
Previous reports of the learning curve for POEM were limited in number, reported conflicting results, and focused almost entirely on the procedure time. [9] [10] [11] Interestingly, Teitelbaum et al 11 reported that the procedure time was unrelated to the number of cases performed. In addition, none of the previous studies accounted for the complexity of the procedure itself and the experience of operators, which tend to vary during the sequence of cases and could influence the procedure time. Risk-adjusted cumulative sum (CUSUM) analysis is an effective statistical method to deal with these variations. 12, 13 Although 2 studies used the CUSUM method to analyze the learning curve of POEM, they did not adjust for the influence of possible risk factors that can increase the technical difficulty of the procedure. 9, 10 Because the technical feasibility, safety, and efficacy of the procedure are associated with technical failure, adverse events, and clinical failure during follow-up, 14 we used a large POEM database to evaluate the learning curve of POEM based on these 3 outcomes, and procedure time, while adjusting for patient-related factors and operator experience.
Methods

Patients
From August 2010 to July 2015, a total of 1701 consecutive patients underwent POEM at Zhongshan Hospital, Fudan University, Shanghai, China. Of these, 1346 were performed or supervised by a single surgeon (P.Z.). Before conducting the first POEM, this surgeon had successfully completed more than 2000 endoscopic submucosal dissection procedures. The 1346 cases were divided into 2 groups: the first 192 cases were performed by only this surgeon, whereas the remaining 1154 were performed by 6 learners supervised by the surgeon. Each learner had successfully completed more than 200 endoscopic submucosal dissections before their first POEM. In the second group, the pioneer surgeon was present during the entire procedure and was available to take over if a challenging situation, such as massive bleeding, hemodynamic instability, or severe submucosal fibrosis, occurred; the surgeon generally did not intervene if the procedure was progressing smoothly and the situation was well controlled. The remaining POEM procedures at our center during the study time period were performed by several other doctors, and to maintain consistency and feasibility for analysis, only the 1346 procedures performed by P.Z. for achalasia were enrolled in the current study. This retrospective study was approved by our local research ethics committee. All enrolled patients provided informed consent for POEM after they were provided with detailed explanations about the operation and alternative treatment options.
Peroral Endoscopic Myotomy Procedure
Details of the POEM procedure were described previously. 15 Briefly, the protocol consisted of 4 steps: (1) submucosal injection and mucosal incision at 5-6 o'clock, approximately 10 cm proximal to the esophageal-gastric junction; (2) submucosal tunneling; (3) myotomy from 2 cm distal to the mucosal entry site to 2-4 cm beyond the cardia; and (4) mucosal entry closure.
Primary and Secondary Outcomes
The objectives of this study were divided into primary and secondary outcomes. The primary outcome was a composite of technical failure and adverse events. These outcomes were combined because of their importance and low incidence. Technical failure was defined as inability to finish the operation; it was often caused by submucosal fibrosis, which lead to difficulty during tunneling. Adverse events were defined as major perioperative adverse events. 15 Secondary outcomes were a long procedure time (60 minutes) and a composite outcome of technical failure, adverse events, and clinical failure during follow-up of the first 192 cases performed by only the main surgeon (P.Z.). Clinical failure was defined as an Eckardt score 4 after surgery.
Risk Factors
Risk factors included both patient-and surgeon-related covariates. Patient variables were gender, age, preoperative Eckardt score, disease duration, sigmoid esophagus (diagnosed by imaging and endoscopy), prior treatment, residual contents (before the procedure), mucosal edema, and submucosal adhesion. Surgeon-related factors were case number (representing the operator's experience) and fullthickness myotomy. Procedure time was considered both a patient-and surgeon-related risk factor.
Mucosal edema and submucosal adhesion were previously defined. 15, 16 Mucosal edema was evaluated by examining the surface texture and cutting edges. An abnormal surface texture was grainy and cobblestonelike, excessively friable, and bled easily with gentle friction. A cutting edge was considered abnormal if the edge was thicker than usual, excessive tension was noted during approximation, or the epithelium was detached from the lamina propria/muscularis. Submucosal adhesion was defined as the presence of poor mucosal lifting during injection, fibrotic and sclerotic tissues in the submucosal space, adhesion between the mucosa and muscle, or thickened and disarrayed muscle fibers.
Clinical Failure Follow-Up Assessment
Clinical failure during follow-up was evaluated for the first 192 cases performed by the only principal surgeon, for whom we achieved a 100% follow-up rate. Clinical failure during follow-up was not evaluated for the 1154 cases performed by 6 learners because the loss to followup of some cases would make the case sequence discontinuous. The overall follow-up time was defined as the date of the procedure to the date of clinical failure or most recent follow-up. Last follow-up of the database was performed in October 2016.
Statistical Analysis
Variables were compared between groups using the Student t test or chi-square test for continuous or categorical variables, respectively. Most risk factors were continuous variables, such as case number, disease duration, and procedure time. Logistic regression was used to analyze the odds ratio of potential risk factors. Multivariate regression analysis was performed to determine the independent risk factors using a backward conditional method. That is, covariates with a conditional P < .1 in the former step were entered into the latter step. Variables with P < .05 were considered statistically significant.
The moving average and risk-adjusted CUSUM curves were analyzed to overcome the obscurity of trends caused by individual variation. The procedure time as a continuous variable was analyzed by the 30-patient simple moving average curve, which was defined as the mean time of the previous 30 cases. 17 The binary variable of composite outcome was analyzed by the risk-adjusted CUSUM curve, which has been previously described for other diseases. 18, 19 This method was used to show the difference between cumulative expected events and actually occurred events. All cases were distributed from left to right on the x-axis based on the sequence number. The interest point was defined as the end of the learning process, where the curve reached a steady state, instead of an arbitrarily chosen success level. The curve rose when the composite outcome occurred and descended when it was absent. For each patient, the probability of the composite outcome was determined using backward conditional logistic regression. The curve rose less if the composite outcome occurred in a high-risk patient than if the outcome occurred in a low-risk patient, and it descended more if the composite outcome did not occur in a high-risk than if the outcome did not occur in a low-risk patient. For example, for each case without a composite outcome, the graph descended by an amount calculated as the estimated probability of occurrence of the composite outcome for that case. Therefore, the risk-adjusted CUSUM curve integrated and adjusted all independent risk factors for every case and was not just a display of composite outcome of the series. All statistical analyses were performed using SAS version 9.4 (SAS Institute Inc, Cary, NC).
Results
Patient and Procedure Details
Demographics of the 1346 patients (669 male and 677 female) are listed in Table 1 . Sixty-two patients (4.6%) were younger than 18 years and 128 patients (9.5%) were older than 60 years. The median preoperative Eckardt score was 7. Sigmoid esophagus was present in 116 patients (8.6%), and 366 patients (27.2%) received prior treatment. The median procedure time and hospital stay were 41 minutes and 2 days, respectively. No perioperative mortality occurred. The primary composite outcome occurred in 54 patients (4%), including 10 with technical failure and 44 with adverse events. The procedure time was long (60 minutes) in 345 cases (25.6%), and the hospital stay was long (>3 days) in 269 patients (20.0%).
Risk Factor Analysis
To analyze the distribution of risk factors along the series, we divided the patients into 7 consecutive subgroups (Supplementary Table 1 ). Age, full-thickness myotomy, prior treatment, residual contents, insufflation, and submucosal adhesion were significantly different along the continuous case sequence. Fullthickness myotomy was performed in only 37% of the first 200 cases. The rates of prior treatment, residual contents, and submucosal adhesion tended to decrease along the case sequence.
Outcome Analysis
Primary and secondary outcomes of the 1346 patients are shown in Supplementary Figure 1 . The rates of the primary composite outcome and long hospital stay gradually declined after 200 cases, whereas the peak rate of long procedure time occurred at 200-400 cases.
Backward conditional logistic regression analysis of 1346 patients demonstrated that the primary composite outcome was associated with the case number (P ¼ .010), full-thickness myotomy (P ¼ .002), and procedure time (P ¼ .001) ( Table 2) . A long procedure time was independently associated with the case number (P < .001), disease duration (P ¼ .003), sigmoid esophagus (P ¼ .024), submucosal adhesion (P ¼ .024), and carbon dioxide insufflation (P < .001) ( Table 2 ). Long hospital stay was independently associated with the case number (P < .001), full-thickness myotomy (P < .001), procedure time (P < .001), and sigmoid esophagus (P ¼ .006) ( Table 2) .
Learning Curve Analysis
The POEM learning curve is represented by the riskadjusted CUSUM curve and the moving average curve. Risk-adjusted CUSUM analysis for the primary composite outcome demonstrated that the outcome occurred frequently in the first 100 cases, followed by a gradual rise to reach a plateau and then a slight decline over time (Figure 1) . The composite outcome rate was 23.0% for the first 100 patients and 2.5% for the remaining 1246 cases.
The moving average curve for procedure time lay between 30.9 and 76.7 minutes (Figure 2 ). It included 2 phases, separated by case number 192. Both phases demonstrated decreased procedure length over time. Further analysis of the first phase showed that 70 cases was the cutoff for technical proficiency with the POEM procedure ( Figure 3 ). The median procedure time of the first 70 cases was longer than that of the subsequent 122 cases (55 vs 45 minutes; P < .001). The cutoff of the second phase was 159 cases (shared by the 6 trainees).
Influence of Learning Curve on Clinical Failure
The clinical failure rate of the first 192 patients performed by the principal surgeon was analyzed to evaluate the influence of learning curve on symptom outcomes during follow-up. The patients were followed clinically for 59 months (range, 3-71). Clinical failure after surgery was observed in 20 cases (10.4%). The 1-, 2-, 3-, and 5-year clinical failure rates were 6.3%, 7.8%, 8.9%, and 10.4%, respectively.
Technical failure, adverse events, and clinical failure of the first 192 cases were considered as the secondary composite outcome. Logistic regression analysis demonstrated that this composite outcome was associated with the case number (P < .001) and disease duration (P ¼ .020) (Supplementary Table 2) . Riskadjusted CUSUM demonstrated that the secondary composite outcome decreased after approximately 90 to 100 cases, which was in accordance with the results for all 1346 cases (Figure 4 ).
Discussion
As a novel complicated technique, POEM requires both the skills of interventional endoscopy and a knowledge of surgical anatomy. 2 Even operators skilled in laparoscopy or endoscopy have a significant learning curve when beginning to perform this procedure. Several years after the first reported series, the use of POEM remains limited to few high-volume centers, and only a small proportion of patients have access to the procedure. 20 Previous studies regarding the learning curve for POEM were limited and showed conflicting results. They reported learning curves for POEM ranging from 20 to 60 cases. [9] [10] [11] 21, 22 In 2015, Patel et al 10 analyzed the procedure time of 93 cases using B-spline regression and CUSUM analysis and suggested that 60 cases was the threshold for mastering the technique. 10 One of the main limitations of prior studies was their focus on only procedure time. This provided a restricted perspective of the learning curve, because the feasibility and safety of the procedure are more closely associated with technical failure and adverse events, which have been accepted as primary endpoints of surgery. 14, 23 Therefore, we chose these latter 2 factors as the primary outcome in this study. By contrast, the secondary outcome of procedure time is a more appropriate reflection of task efficiency. Furthermore, we also incorporated clinical failure during follow-up in the secondary composite outcome analysis of the first 192 cases, because this is the best parameter for procedure effectiveness. We did not assess clinical failure during follow-up of the cases performed by the 6 learners because some of these cases were lost to follow-up, resulting in a discontinuous case sequence.
Another common deficiency of prior studies was that they did not adjust for case complexity, which could have considerable variation along the series. As shown in Supplementary Table 1, the distribution of several risk factors was unbalanced along the case sequence. In the initial stage of using a new technique, technical failure and adverse events are expected to be high because of the operator's lack of proficiency; the probability of failure and adverse events decreases as the operator's skill develops. Using risk-adjusted CUSUM analysis, we were able to perform appropriate adjustments for the discordance between patient-and surgeon-related factors over time.
To our knowledge, this is the first study analyzing the learning curve of POEM focusing on technical failure, adverse events, and clinical failure (further symptoms) during follow-up. We found that technical failure, adverse events, and clinical failure decreased slowly after 100 cases, indicating that both short-and long-term outcomes after POEM were affected by the proficiency of surgeon. In addition, the present study used the largest POEM database reported so far. Previous studies used small case series (mostly less than 100 patients) to define the cutoff point of the learning curve, which could inevitably lead to bias because with a limited case volume, the real plateau stage may not occur until after 100 cases. 9, 11, 21 One intriguing finding of the current study was that the volume required to avoid the composite outcome was much higher than the volume needed to achieve higher operational speed (100 vs 70 cases). This suggests that the learning curve for managing complex situations and avoiding risks is longer than the learning curve for achieving simple technical proficiency.
The current study demonstrated a relatively high number of cases required for mastery of POEM. Of note, the present cutoff value actually reflected the learning curve of the original surgeon. With supervision provided by this surgeon, the case volume for each new learner to acquire technical proficiency was lower than that of this pioneer surgeon (159 cases for all 6 learners combined compared with 70 cases for the pioneer surgeon). This suggests that the experience of the original surgeon facilitated learning of the trainees. Because of the low incidence of the primary achalasia, we recommend that trainees undergo their learning process with the guidance of an experienced operator at a high-volume center. The high number of procedures, and the guidance of an expert trainer, should facilitate mastery of the necessary skills by those learning the POEM technique.
The main limitation in our study is that the second phase of the series involved 6 different learners. Because the cases were recorded under the supervising surgeon's name, it was difficult to determine which learner performed each particular case. This practice is not uncommon in large training centers, and analyzing the performance of a team guided by a single instructor is a widely used approach in the literature.
11,21,24
Conclusions
POEM is a challenging procedure with a significant learning curve. The risk-adjusted CUSUM method showed that composite outcomes including technical failure, adverse events, and clinical failure decreased after 100 cases. Technical proficiency, demonstrated by plateauing of the procedure time, could be achieved after 70 cases. The volume of cases required to manage challenging situations and prevent adverse events was thus higher than that needed for simple technical proficiency. The experience of the original surgeon facilitated learning of the trainees, and shortened the time they required to achieve technical proficiency. 
